The adsorption of a gaseous mixture containing particles A and B was studied via lattice-gas simulations on homogeneous and heterogeneous bivariate surfaces characterized by a chessboard topography of strong and weak adsorbing sites. The effects of lateral interactions among adsorbed particles and of heterogeneity on the adsorption isotherms and differential heats of adsorption were analyzed.
INTRODUCTION
The adsorption of gas mixtures on solid surfaces has received great attention for many decades due to its importance in many technological applications, especially gas separation and purification and catalysis (Ruthven 1984; Yang 1990; Doraiswamy 1990) . As in any adsorption process, two main factors affect mixed-gas adsorption on solids: gas-solid interactions and interactions among the adsorbed species. Solids used in applications are usually heterogeneous energetically towards adsorption, i.e. gas-solid interactions produce an adsorption energy which changes from one point on the solid surface to another. This situation is characterized by the adsorptive energy distribution (AED) and the energetic topography (ET) Ramirez-Pastor et al. 2004 ). This last property describes how the different adsorptive energies are spatially distributed on the surface. Studies of mixed-gas adsorption on heterogeneous surfaces have usually ignored the ET or have largely focused on two extreme ET cases, viz. random and large-patch ET (Tovbin 1997) . When interactions among adsorbed species are negligible (which is not the usual situation), adsorption is not sensitive to the ET. However, it has been well established that adsorption, even in the case of pure gases, is strongly affected by the ET when such interactions are present.
Taking ET into account in a general way in the theory of adsorption of pure gases is a very difficult task (Ramirez-Pastor et al. 2004; Nazzarro and Zgrablich 2003) . For this reason, recent studies have focused on the case of simple, well-defined topographies on heterogeneous bivariate surfaces (Bulnes et al. 2001 (Bulnes et al. , 2002 Romá et al. 2003) , on the basis that understanding the effects of these simple topographies will help to develop more general theories. Bivariate heterogeneous surfaces are characterized by a discrete bivalued AED, i.e. two kinds of *Author to whom all correspondence should be addressed. E-mail: giorgio@unsl.edu.ar. adsorption sites are involved in the heterogeneity. In this case, a very simple ET can be defined such as, for example, deterministic chessboard-like size patches. These kinds of topographies have a further interest in that they provide the possibility of tailoring surfaces with such properties (Yang et al. 1998; Lopinski et al. 2000) .
Using this approach for pure gases has led to encouraging results (Bulnes et al. 2001 (Bulnes et al. , 2002 Romá et al. 2003) . The purpose of the present work was to extend these studies, based on a latticegas description of the system and Monte Carlo simulation of the adsorption process, to the case of mixed-gas adsorption in order to understand the effect of simple ET on the behaviour of quantities of interest such as the adsorption isotherm and the differential heat of adsorption. The model and method of simulation are presented in Section 2 and the results obtained and their discussion are given in Section 3. Finally, the conclusions arising from this study are given in Section 4.
MODEL AND METHOD OF SIMULATION
The adsorptive surface is represented by a two-dimensional square lattice of M = L × L adsorption sites, with periodic boundary conditions. For a given adsorbed particle X, each adsorption site can be either a 'weak' site with an adsorptive energy ε XW , or a 'strong' site with an adsorptive energy ε XS , where ε XW < ε XS . Weak and strong sites form square patches of size I (I = 1, 2, 3, ...) which are distributed spatially in a deterministic alternate way, i.e. chessboard topography. The substrate is exposed at a temperature T to an ideal gas phase consisting of a binary mixture of particles A and B with chemical potentials µ A and µ B , respectively. Particles can be adsorbed on the substrate with the restriction of at most one adsorbed particle per site and we consider a nearest-neighbour (NN) interaction energy w XY (X, Y = A, B) among them. The adsorbed phase is then characterized by the Hamiltonian:
(1) where c i is the occupation number of site i (c i = 0 if empty, c i = 1 if occupied by A and c i = −1 if occupied by B), k(i) runs on the four NN sites of site i, α labels the kind of site (α = 0 for a weak site and α = 1 for a strong site), and the δ's are Kronecker delta functions.
Adsorption is simulated in the Grand Canonical Ensemble with Metropolis transition probability from an initial state S i to a final state S f given by:
( 2) where ∆H = H f − H i . For a given value of µ A , µ B and T, an adsorption-desorption process is started from an arbitrary initial state as a chain of Monte Carlo trials. In each trial, a species of the mixture, X = (A or B), and a site on the surface are chosen at random. If the site is vacant, then adsorption of X is attempted with a probability given by equation (2). If the site is occupied by species X, then desorption is attempted with a probability given by equation (2), otherwise the trial ends. 
A Monte Carlo step (MCS) consists of M trials, i.e. in the mean all sites are tested to change their occupation number. The first 5 × 105 MCS of each run were discarded to allow equilibrium to be reached and the next 5 × 105 MCS were used to compute averages using non-correlative configurations. Total and partial adsorption isotherms were obtained as simple averages:
where N X is the number of adsorbed species X and N = N A + N B . Furthermore, the differential heat of adsorption for species X, q X , defined by Balaev and Steele (1992) as:
( 4) where U is the internal energy of the adsorbed phase, was calculated (Bulnes et al. 2001a) as: (5) 
RESULTS AND DISCUSSION
In order to illustrate the behaviour of the system, the patch size was set at l = 4 and the lattice size at L = 128 (having first checked that finite size effects were negligible using this lattice). Furthermore, given the great variety of behaviours arising from the model in its most general form, we have restricted the present study to the simpler case where the heterogeneity of the adsorption energy is associated only with species A, by choosing ε BS = ε BW = 0. This reduces the number of cases to be tested whilst preserving the most interesting characteristics of the process. With this assumption, the behaviour of the system depends essentially on one heterogeneity parameter, e.g. ∆E = ε AS − ε AW , and the interaction energies amongst the adsorbed particles. A further simplification is made by measuring all energies in units of k B T, so that all the results will not be dependent on the temperature.
As a basis for the analysis of the behaviour of the system, we begin by considering the case of single-gas adsorption on a homogeneous surface. This can be achieved, for example, by making µ B → −∞ and ∆E = 0. Figure 1 shows the behaviour of the adsorption isotherms and the differential heats of adsorption for different strengths of repulsive inter-particle interactions. As expected, we obtain the well-known Langmuir isotherm passing through the point (µ A = 0, θ A = 1 / 2 ) and a constant value for q A when w AA = 0. Two features which are useful for the analysis of mixed-gas adsorption are worthy of comment: (a) as the repulsive NN interaction increases, the coverage at zero chemical potential decreases and approaches θ A = 0.226 asymptotically; (b) as the repulsive NN interaction passes a critical value w c = 1.73668, a plateau develops in the isotherm at θ A = 1 / 2 indicating the appearance of an ordered c(2 × 2) phase -this phase transition is also announced by the appearance of a peak in q A for a coverage just below 1 / 2 followed by a steep decrease Yeomans 1992; Nicholson and Parsonage 1982) . In what follows, we consider mixed-gas adsorption but keeping species B at a fixed value of the chemical potential µ B = 0. We start with the analysis of the adsorption of a mixture of molecules A and B on a homogeneous surface by making ∆E = 0, and focus on the effects of lateral interactions amongst the different adsorbed species. The effect of AA interactions is depicted in Figure 2 , where w AB = w BB = 0. Partial coverages of A and B are shown in Figure 2 (a) while the total A + B coverage is shown in Figure 2 (b). The adsorption of A follows the same pattern as in the case of single-gas adsorption (Figure 1 ) with the formation of the characteristic plateau in the A coverage upon the onset of the c(2 × 2) ordered phase, which is also evidenced by the behaviour of q A in Figure 2 (c). Species B, whose coverage is 0.5 at low pressure, is displaced from the surface as µ A increases and it will be observed that B always occupies one-half of the vacant sites left by A, i.e. θ B is always 1 / 2 of the free available sites. It is interesting to note that a plateau in θ B at 0.25 is induced by the plateau in θ A despite the absence of the formation of an ordered phase for species B. As a result of both effects, a plateau appears in the total coverage at 0.75. As expected, q B is constant, as shown in Figure 2(d) , due to the fact that there are no interactions for B particles.
We now turn to the effect of BB interactions ( Figure 3 ) with w AB = w AA = 0. Neither the coverage of A [ Figure 3 , which decreases steadily as w BB increases below w c and increases above it. The explanation for this behaviour is that B particles adsorb more or less at random below w c , thereby allowing some BB interactions which contribute to the decrease in the differential heat of adsorption. Above w c , B particles adsorb forming the ordered c(2 × 2) structure so that BB interactions stop contributing and q B increases. Finally, we consider the effect of AB interactions, keeping w BB = w AA = 0. The results are depicted in Figure 4 where new interesting features appear. At very low values of w AB , as µ A increases and A particles start to adsorb, B particles are displaced from the surface where they occupy 50% of the free sites left by A particles [Figure 4(a) ]. As w AB becomes greater, e.g. w AB > 0.5, and provided that the coverage of A particles is sufficiently high so that AB interactions occur, repulsive interactions lead to more B particles being displaced from the surface than A particles are adsorbed so that the total A + B coverage shows a minimum with a value less than 0.5 [Figure 4(b) ]. Under these circumstances there are two values around µ A = 0, say < 0 and > 0, with the same value of the total coverage θ. This is well reflected in the behaviour of q A which becomes Figure 2 . Mixed-gas adsorption on a homogeneous surface: (a) adsorption isotherms for A and B particles; (b) total adsorption isotherms; (c) differential heat of adsorption for A particles; (d) differential heat of adsorption for B particles. Effect of AA interactions: w AA ≥ 0, w BB = 0, w AB = 0. a bi-valued function for w AB > 0.5 in the region θ ≤ 0.5. The behaviour of q B also shows an interesting feature: as w AB increases, q B generally decreases for all values of θ. This is not unexpected since A and B particles adsorb in a more or less random manner and an important number of AB NN pairs can be found on the surface. However, when w AB becomes too great, A and B particles tend to be adsorbed forming islands of each species and the number of AB pairs decreases at intermediate total coverage thereby producing higher values of the differential heat of adsorption.
Having studied the effect of lateral interaction for mixed-gas adsorption on homogeneous surfaces, we now focus on the ultimate objective of the present work by considering the adsorption process on heterogeneous bivariate chessboard surfaces with I = 4. Figure 5 illustrates the effect 86 F. Bulnes et al./Adsorption Science & Technology Vol. 23 Figure 5 (c), being due to the formation of the ordered c(2 × 2) phase of A particles. As ∆E increases, competition arises between the effect of repulsive AA lateral interactions and the preference of A particles for adsorption on strong surface patches. As a consequence, two steps appear in the isotherms, below and above the central plateau, while this central plateau becomes smaller due to the ordered phase being partially destroyed by the presence of heterogeneity. At ∆E = 8, the central plateau is just visible while the lower and upper steps are well developed. By analyzing simultaneously the behaviour of q A , it can be easily deduced that in this region, where ∆E < 3w AA , the adsorption of A particles proceeds through the following process (Regime II): first strong patches are half-filled up to θ A = 0.25 (the lower step arises due to heterogeneity), then weak patches are half-filled up to θ A = 0.5 (the central plateau is formed due to the formation of a quasi-ordered phase on the whole free surface vacated by B particles), then strong patches are fully filled up to θ A = 0.75 (the upper step arises due to heterogeneity) and, finally, weak patches are fully filled. When ∆E becomes very large -see, for example, the curves corresponding to ∆E = 32 -the adsorption process changes substantially. In this region, where ∆E > 4w AA , adsorption of A particles proceeds through the following process (Regime I): first strong patches are half-filled up to θ A = 0.25 (the lower step arises from the formation of the ordered phase on 88 F. Bulnes et al./Adsorption Science & Technology Vol. 23 . Mixed-gas adsorption on a chessboard heterogeneous surface with I = 4: (a) adsorption isotherms for A and B particles; (b) total adsorption isotherms; (c) differential heat of adsorption for A particles; (d) differential heat of adsorption for B particles. Effect of heterogeneity for fixed interactions: w AA = 4, w BB = 0, w AB = 0. strong patches), then strong patches are completely filled up to θ A = 0.5 (here a central plateau is formed due to heterogeneity), then weak patches are half-filled up to θ A = 0.75 (the upper step arises due to the formation of the ordered phase on weak patches) and, finally, weak patches are completely filled. The two regimes belong to disconnected regions; in between (3w AA < ∆E < 4w AA ), the system behaves in an intermediate manner. A similar behaviour was observed for the adsorption of a single species on a bivariate surface (Bulnes et al. 2001 (Bulnes et al. , 2002 Romá et al. 2003) . As expected, the heat of adsorption of the B particles [ Figure 5(d) ] remains constant.
The simultaneous effect of AA and BB interactions is shown in Figure 6 for the fixed values w AA = 4, w AB = 0 and ∆E = 32, i.e. adsorption is in Regime I. The adsorption of A particles [ Figure 6 follows a unique isotherm -the same as that represented by the open circles in Figure 5 (a)and is independent of the strength of BB interactions. Adsorption of B particles decreases at low A coverage with increasing values of w BB and tends to the limiting value θ B = 0.226. However, at high A coverage all isotherms tend to that corresponding to w BB = 0 because there are no NN vacant sites in that range available for the adsorption of B particles (A particles have completely filled strong patches and already formed the c(2 × 2) ordered structure on weak patches). This determines the total coverage behaviour shown in Figure 6(b) . The behaviour of q A , shown in Figure 6 (c), is the same as that represented by open circles in Figure 5 (c) for w BB = 0. However, with the exception of very high total coverage, the curve shifts to the left, i.e. to lower total coverage values, as such interaction increases. This is a consequence of the behaviour represented in Figure 6(b) . In contrast, q B presents two types of behaviour [ Figure 6(d) ]. Thus, at very low w BB values (negligible interactions) and very high w BB values (above the critical value for the formation of the ordered phase), it remains practically constant, whilst at intermediate values it increases in line with the total coverage. Figure 7 shows the simultaneous effect of AA and AB interactions for fixed values of w AA = 4, w BB = 0 and ∆E = 32. When w AB = 0, we again have the case represented by open circles in Figure  5 (a). The isotherm for A particles [ Figure 7 (a)], with the characteristic steps of Regime I, does not change with w AB , except at low A coverage, say < 0.25. This can be understood by considering that once the c(2 × 2) phase has been formed on strong patches by A particles, the coverage of B particles is already quite low and these particles preferentially occupy sites on the weak patches due to AB repulsive interactions. The A particles then proceed to completely fill the strong patches while the coverage of B particles continues to decrease. Very few B particles are present when A particles start to adsorb on weak patches, and the B particles are again segregated away from the A particles. On the other hand, the coverage of B particles (which, for w AB = 0, occupy one-half of the vacant sites left by A particles) decreases faster as AB repulsive interactions increase, with the characteristic steps induced by the behaviour of A coverage. This results in a quite complex behaviour for the total coverage [ Figure 7 (b)], where a minimum appears at low µ A values in addition to the steps induced by A coverage. This behaviour may be attributed to the adsorption of A particles inducing the desorption of more than one B particles adsorbed on NN sites when AB interactions are sufficiently strong. As in the previous case, the behaviour of q A does not change qualitatively although a shift to lower total coverages occurs as w AB increases. However, the behaviour of q B is quite different [ Figure 7(d) ], moving from an approximately constant and small value for θ < 0.5 to another approximately constant value for θ > 0.7, which is more negative as w AB increases.
Finally, we consider in Figure 8 the case where all interactions are present, by taking w AA = 4, w AB = 4, ∆E = 32 and different values of w AB . For ease of comparison, we also show the situation where w AA = 4, w AB = w BB = 0 [crossed circles in Figure 8 Figure 8(b) ] converges rapidly to a single curve which displays a minimum only for moderately low values of w BB . When the strength of the BB interactions is too high, the coverage of B particles is already extremely low when A particles start to adsorb to any noticeable extent and the effect described in the previous case due to AB interactions disappears. The behaviour of q B [Figure 8(d) ] is now a combination of that depicted in Figures 7 and 4. 
CONCLUSIONS
Using Monte Carlo simulations, we have studied the adsorption of a gas mixture of particles A and B on homogeneous and heterogeneous bivariate surfaces characterized by a chessboard topography. A variety of behaviours arises due to heterogeneity and lateral interactions among adsorbed particles. Analysis of the adsorption isotherms and differential heats of adsorption allows a detailed understanding of the adsorption process. This understanding may be useful in interpreting experimental gas-mixture adsorption data and in developing more general models. An interesting feature, which can be uniquely traced back to the effect of AB repulsive interactions, is the appearance of a minimum in the global adsorption isotherm. 
